We study the directional dissociative ionization of diatomic molecules (H 2 , N 2 , Ar 2 , and CO) by intense phase-controlled elliptically polarized two-color pulses. The phase between the two colors of our elliptically polarized two-color pulse is unambiguously and straightforwardly assigned by tracing the momentum of the released electron, streaked by the rotating laser field, which is imprinted in the momentum of the correlated ion. The laser-driven electron motion, electron-localization-assisted enhanced multielectron ionization, and role of the orbital shape for the asymmetric dissociative ionizations of various molecules are discussed.
I. INTRODUCTION
As a primary and significant step in understanding and manipulating molecular reactions, the breaking of chemical bonds, e.g., dissociative ionization of molecules, in precisely controlled laser fields has attracted much attention. An asymmetric laser field of few-cycle [1] [2] [3] or two-color pulses [4] [5] [6] [7] [8] [9] was demonstrated to be a powerful tool to steer chemical bond breaking, leading to directional ejection of ionic fragments. However, most of the studies of phasedependent asymmetric dissociative ionization of molecules were performed by using linearly polarized ultrashort laser pulses, which suffer from complexity of the phase calibration and the involved recollision process of the tunneled electron.
Instead of linear polarization, in this paper, we use phasecontrolled elliptically polarized two-color pulses to study the phase-dependent directional dissociative ionization of molecules. The phase between the two colors of an elliptically polarized two-color pulse is straightforwardly determined by tracing the momentum vector of the released electron, which is streaked by the rotating laser field in our measurement. The elliptical field also suppresses recollisions. The lightest molecule H 2 , the tightly bound homonuclear molecule N 2 , the heteronuclear molecule CO, and the van der Waals-bound rare-gas dimer Ar 2 were studied. The ion-energy-dependent directional ejection of a proton was observed in single-electron dissociative ionization of H 2 due to the laser-driven motion of the bound electron during the dissociation of the molecular ion or the phase-dependent interference of various dissociation pathways. The asymmetric multielectron dissociative ionization of N 2 and Ar 2 was found to be consistent with the classical picture of electron-localization-assisted enhanced ionization [10] , i.e., the electron localized in the up-field potential well of the molecular ion is much favored to be freed rather than the down-field one. The multielectron dissociative ionization of CO was dominated by the profiles of the ionizing molecular orbitals.
One of the most important aspects of this study is to assign the laboratory-frame direction of the maximum of the * doerner@atom.uni-frankfurt.de asymmetric laser field for each ionization event. This direction is given by the relative phase φ between the fundamental-wave (FW) and second-harmonic (SH) components of the two-color pulse. For the case of linear polarization this phase can be obtained in situ only from the electrons in the high-energy region of the electron spectrum. These fast electrons are accelerated to their final energy by rescattering at the ionic core during the pulse. The details of the rescattering process are highly sensitive to the phase between the two colors [11] . Therefore, as shown in Refs. [10, 11] , the phase can be retrieved only if the backscattered electrons are unambiguously identified within the whole spectrum. Since the maximum energy of a rescattering electron does not always occur at φ = 0 or π , the measured profile of the phase-energy-dependent electron spectrum has to be compared with a numerical simulation which also varies for different targets.
II. EXPERIMENTAL SETUP AND LASER PHASE CALIBRATION
We overcome this complexity of the crucial phase assignment by taking advantage of the angular streaking [12] [13] [14] [15] [16] [17] due to the elliptically polarized two-color pulse. The rotating laser field greatly suppresses the recollision of the freed electron [15, 18] and the direction of its final momentum vector is readily locked to the phase of the laser field, i.e., perpendicular to the field direction at the instant of ionization [12] [13] [14] [15] [16] [17] . Experimentally, we produce the elliptically polarized two-color pulse with variable phase in a collinear scheme as shown in Fig. 1(a) . Briefly, a femtosecond laser pulse (35 fs, 790 nm) was frequency doubled using type-I phase matching in a 200-μm-thick β-barium borate (BBO) crystal. The polarization of the FW was then rotated to be parallel to that of the SH (along the y axis in our experiment) by using a dual-wavelength plate. The time lag between them was finely tuned with a birefringent α-BBO crystal. We then changed the polarization of the two-color pulse from linear to elliptical by using a quarter-wave plate centered at the SH wavelength. A pair of fused silica wedges was used to continuously vary the phase φ of the two-color pulse which is directly imprinted in the momenta of the freed electrons or the correlated ions. Figure 1(b) shows the electric fields of our elliptically polarized two-color pulse at φ = 0; the major and minor axes are oriented along the y and z axes [the inset (orange) ellipse], respectively. The tunneling ionization probability is maximized when the laser field points in the +y direction since it steeply depends on the field strength, which results in a concentration of counts along −z, i.e., pz e < 0, due to the streaking by the counterclockwise rotating laser field [19] . For φ = π [ Fig. 1(c) ], the maximal laser field of the two-color pulse alters to the −y direction, which correspondingly changes the maximum in the electron momentum distribution to +z, i.e., pz e > 0. Therefore, by analyzing the asymmetry of the electron momentum distribution along the z axis (pz e ), we can straightforwardly trace the phase φ of the elliptically polarized two-color pulse. Technically, instead of directly detecting the electron, we measured the momentum of the correlated ion which is the recoil of the released electron. This further simplifies the phase tracing, which is meanwhile insensitive to the target. We performed the measurements in a standard reaction microscope of cold-target recoil-ion momentum spectroscopy (COLTRIMS) [20, 21] . The elliptically polarized two-color pulse was tightly focused onto a supersonic gas jet by a concave mirror (f = 7.5 cm). The gas jet was a mixture of Ar (89 %), N 2 (10 %), and CO (1 %), so various molecules were measured under the same conditions. H 2 is the main contribution to the residual background gas for the ultrahigh vacuum surroundings (<10 −10 mbar) in our experiment, which was hence directly used for the study of dissociative ionization of H 2 . The ionization-induced ion fragments were detected by a time-and position-sensitive detector [22] at the end of the spectrometer after acceleration by a weak static and homogeneous electric field. The intensities of the SH and FW components inside the two-color pulse were estimated to be 3.4 × 10 14 and 7.6 × 10 14 W/cm 2 , respectively. Figure 2 (a) shows the measured ion momentum of Ar + from single ionization of atomic Ar (Ar → Ar + + e) along the z axis (pz i = −pz e ) versus the phase of our elliptically polarized two-color pulse. As the ion momentum is the recoil momentum of the released electron, pz i > 0 and pz i < 0 correspond to the laser phases φ = 0 and φ = π , respectively. To intuitively illustrate this, we compare the ejection probabilities of Ar + to +z (pz i + ) and −z (pz i − ), i.e., (pz i + − pz i − )/(pz i + + pz i − ), [ Fig. 2(b) (red squares)] , for which the positive and negative maxima occur for φ = ± 2nπ and φ = ( ± 2n + 1)π , respectively. The classical motion and the resulting final momentum of the released electron in our elliptically polarized two-color pulse of various phases were calculated; the Ammosov-Delone-Krainov (ADK) rate [23] was taken as a weight for each trajectory. The initial momentum at the instant of ionization was assumed to be zero. The blue solid curve in Fig. 2(b) shows the simulated phase-dependent asymmetric ejection of the correlated ion along the z axis, which agrees well with the experimental measurement. For the field intensities in our experiment, the ADK rate of single ionization of Ar is partially saturated [24] . This crudeness of the ADK model for our conditions, however, does not affect the phase-dependent asymmetric ejection of Ar + , as we numerically tested by decreasing the field intensity to 1.0 × 10 14 W/cm 2 , which primarily reduces the magnitude of the streaking momentum. Our laser phase assignment for the elliptically polarized two-color pulse is realized in the same measurement as all the molecular ionization channels that we interest in. It therefore avoids possible errors due to subsequent measurements.
III. H 2
We first discuss the directional dissociative ionization of H 2 , the simplest and lightest diatomic molecule, which has been well studied by using linearly polarized few-cycle or two-color pulses in Refs. [2, 5] . Following the release of one electron, the molecular ion H 2 + starts to dissociate in the laser field. The oscillating laser field subsequently drives the forthand-back motion of the remaining bound electron between the nuclei, which is finally localized at one of the protons when the potential barrier between them is higher than the driving energy of the laser field. This results in phase-dependent directional ejection of the proton [1] [2] [3] [4] [5] [6] [7] . Alternatively, it can be understood to be the phase-dependent interference of various dissociation channels. These two pictures actually give the same result, i.e., the directional dissociative ionization of H 2 depends on the energy of the ejected proton and the phase of the driving laser field. Figure 3 (a) shows the measured kinetic-energy release (KER) of H 2 → H + + H + e, which we will refer to as the H 2 (1,0) dissociative ionization channel. It divides into low-KER (less than 0.6 eV) and high-KER (greater than 0.6 eV) dissociation regions. As shown in the inset of Fig. 3(b) , starting from the single-electron ionization nuclear wave packet of H 2 + launching on the g (gerade) potential energy surface, there are two possible pathways to reach the low-KER dissociation region [7] : The nuclear wave packet transits to the u (ungerade) state from the g state by absorbing one FW photon and then directly dissociates through the u curve; alternatively, it can first transit to the u state by absorbing one SH photon, later couple back to the g state by emitting one FW photon, and then dissociate through the g curve. The measured signal strength resulting from the interference of these two pathways is governed by the accumulated phases of the nuclear wave packets during their dissociation, which is directly locked to the phase φ of the two-color pulse. Therefore, as shown in Fig. 3(c) , the ejection direction of H + oscillates as a function of the laser phase. We define an asymmetry parameter of β = (P y+ − P y− )/(P y+ + P y− ), where P y + and P y − stand for the probabilities of H + being emitted to +y and −y, respectively. Similarly, as shown in Fig. 3(c) , clear phase-dependent directional ejection of H + is observed for the high-KER region. It can be understood to be the phasedependent interference of the following two pathways: The nuclear wave packet launched in the g state transits to the u state by absorbing one SH photon and then directly dissociates through the u curve; or, alternatively, it can first transit to the u state by absorbing three FW photons, later transit back to the g state by emitting one FW photon, and then dissociate through the g curve. The different phase dependences of the low-and high-KER regions are due to the different dissociation times and various laser phases experienced by the nuclear wave packets at the instants of transitions between the g and u states. Figure 3(b) shows the asymmetries of the H 2 (1,0) channel integrated for the low-and high-KER regions, which are shifted by ∼0.5π from each other.
IV. N 2 AND Ar 2
For N 2 , we focus on the asymmetric double-[N 2 → N 2+ + N + 2e, denoted as N 2 (2,0)] and triple-[N 2 → N 2+ + N + + 3e, denoted as N 2 (2,1)] ionization channels. Experimentally the N 2 (2,1) channel can be directly identified in our coincidence and here we study its directional dissociative ionization with respect to the Coulomb potential effect of the molecular ion on the tunneling electron [19] . For N 2 (2,0) we do not detect the neutral species, but we can clearly separate it from the N 2 (2,1) events by the much lower KER [see the inset of Fig. 4(a) ]. Remarkably the N 2+ direction is different for the N 2 (2,0) and N 2 (2,1) channels [ Fig. 4(a) ]. This directly shows that the N 2 (2,1) channel is not produced by sequential ionization of the intermediate N 2 (2, 0) . N 2 (2,1) is hence produced through the intermediate N 2 (1,1) , i.e., N 2 → N + + N + + 2e. This conclusion is supported by Fig. 4 (a) which shows that the N 2+ from N 2 (2,1) is created on the side of the molecule which was uphill in the potential. This is in agreement with the expectation from the electron-localizationassisted enhanced ionization [8, 9, [25] [26] [27] [28] [29] . The third electron will preferably escape from the up-field core where it needs to tunnel only through the narrow inner barrier.
We find the same directionality as for the N 2 (2,1) also for the directional dissociative multielectron ionization of the van der Waals-bound rare-gas dimer Ar 2 , as shown in Fig. 4(b) for Ar 2 → Ar 2+ + Ar + + 3e, indicating the universality of the classical picture of the enhanced multielectron ionization of molecules [9] .
V. CO
We finally discuss our results for CO as an example of a heteronuclear diatomic molecule. The reason for asymmetries in this case is completely different from the cases of homonuclear species. In CO, the ionizing orbital itself is asymmetric. As recently demonstrated [10, 17] , it is this asymmetry of the molecular orbital which creates the directional dissociation of CO. The first electron from CO is more likely to be freed when the laser field points from C to O. This is also the case for the release of the second electron, as demonstrated in Ref. [17] by using elliptically polarized single-color pulses. These previous findings are further confirmed by our present data with phase-controlled elliptically polarized two-color pulses as shown in Fig. 5(a) for the dissociative double-ionization channel CO(1,1), i.e., CO 2 → C + + O + + 2e. Starting from CO 2+ , the third electron can be freed when the laser field points either from C to O or from O to C. Figure 5(b) shows the phase-dependent dissociative triple-ionization channels of CO(1,2), i.e., CO 2 → C + + O 2+ + 3e, and CO(2,1), i.e., CO 2 → C 2+ + O + + 3e. Both show similar phase dependence as CO (1,1) , indicating the dominating role of the profiles of the ionizing orbitals. Here, for the dissociative ionization of CO, the asymmetries are calculated for the emission direction of carbon ions, i.e., C + for CO(1,1) and CO(1,2) and C 2+ for CO(2,1). The multielectron enhanced ionization and the profile of the molecular orbital collaborate to produce the directional dissociation of CO (1,2) ; it hence shows a larger asymmetry as compared to that of CO(2,1) where these two effects play opposite roles on the directional release of the third electron.
VI. CONCLUSIONS
In summary, by using elliptically polarized two-color pulses, we observed a strong phase-dependent directional dissociative ionization of H 2 , N 2 , Ar 2 , and CO, which is governed by the laser-field-driven electron motion [1] [2] [3] [4] [5] [6] [7] , electron-localization-assisted enhanced multielectron ionization [8, 9, [25] [26] [27] [28] [29] , and the profiles of the ionizing orbitals [10, 17] , respectively. With respect to linear polarization, our elliptically polarized two-color pulse suppresses the recollision mechanism and provides a straightforward and robust approach to unambiguous assignment of the absolute laser phase by tracing the rotating-field-streaked momentum of the released electron or its recoil on the correlated ion.
